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ABSTRACT

In breast cancer development, crosstalk between mammary epithelial cells and neighboring vascular endothelial cells is critical to
understanding tumor progression and metastasis, but the mechanisms of this dynamic interplay are not fully understood. Current cell
culture platforms do not accurately recapitulate the 3D luminal architecture of mammary gland elements. Here, we present the development
of an accessible and scalable microfluidic coculture system that incorporates two parallel 3D luminal structures that mimic vascular endothe-
lial and mammary epithelial cell layers, respectively. This parallel 3D lumen configuration allows investigation of endothelial-epithelial cross-
talk and its effects of the comigration of endothelial and epithelial cells into microscale migration ports located between the parallel lumens.
We describe the development and application of our platform, demonstrate generation of 3D luminal cell layers for endothelial cells and
three different breast cancer cell lines, and quantify their migration profiles based on number of migrated cells, area coverage by migrated
cells, and distance traveled by individual migrating cells into the migration ports. Our system enables analysis at the single-cell level, allows
simultaneous monitoring of endothelial and epithelial cell migration within a 3D extracellular matrix, and has potential for applications in
basic research on cellular crosstalk as well as drug development.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5123912

INTRODUCTION

The progression of breast cancer is a complex pathophysiolog-
ical process that advances through a sequence of defined stages,
from an overgrowth of epithelial cells lining the mammary ducts
(epithelial hyperplasia) to the emergence of a noninvasive lesion
known as ductal carcinoma in situ (DCIS) and eventually transi-
tioning to invasive ductal carcinoma (IDC).1 Subsequent invasion
of tumor cells into the neighboring stroma sets the path toward
intravasation into the bloodstream leading to metastasis.2

Throughout this process, epithelial tumor cells interact with key
elements of the mammary gland microenvironment, including
other prominent cell types and the extracellular matrix (ECM),
with many of the underlying mechanisms regulating these interac-
tions still largely unknown.3

One critical interaction is the crosstalk between the mammary
epithelial cells and the endothelial cells of nearby blood vessels.
The vasculature exists to provide blood supply to the mammary

gland,4 and during tumor development, epithelial tumor cells
migrate toward the vasculature and undergo endothelial transmi-
gration to initiate the metastatic cascade.2 Concurrently, angiogene-
sis may be occurring from the vasculature toward the developing
tumour5 and may be present even during the premalignant stage,
as a result of increasing concentrations of vascular endothelial
growth factor (VEGF) and other factors.6 The dynamic interplay
between epithelial and endothelial cells is complex and not well
understood, especially in the presence of the other cell types and
the ECM within the 3D mammary gland microenvironment.
Understanding these interactions and the coordinated behaviors of
endothelial and epithelial cells is critical to resolving the mecha-
nisms of breast cancer progression and metastasis and may lead to
the development of new therapeutic strategies that target angiogen-
esis and cell migration pathways.

To advance our fundamental understanding of these
interactions, improved experimental models are necessary to better

Biomicrofluidics ARTICLE scitation.org/journal/bmf

Biomicrofluidics 13, 064122 (2019); doi: 10.1063/1.5123912 13, 064122-1

Published under license by AIP Publishing.

https://doi.org/10.1063/1.5123912
https://doi.org/10.1063/1.5123912
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/1.5123912
http://crossmark.crossref.org/dialog/?doi=10.1063/1.5123912&domain=pdf&date_stamp=2019-12-05
http://orcid.org/0000-0002-8697-1021
http://orcid.org/0000-0002-1274-5478
mailto:eyoung@mie.utoronto.ca
https://doi.org/10.1063/1.5123912
https://aip.scitation.org/journal/bmf


mimic the physiological behavior of the cells within their tissue
microenvironments.7,8 Many researchers still rely on basic 2D cul-
tures in well plates, Transwell membrane inserts and Boyden cham-
bers to study cell migration, tumor cell invasion, and aspects of
epithelial tumor-endothelial (TC-EC) cell signaling.9–11 Other basic
2D cell-based assays (e.g., migration, invasion, and tubule forma-
tion assays) are commonly used to study angiogenesis.12 However,
the importance of capturing cell behavior and function in three
dimensions has been well documented13–15 and thus has led to the
continued interest in the development of 3D organotypic models,
including those that specifically model vascular endothelial-breast
epithelial interactions in 3D coculture.16

In recent years, microfluidic cell culture systems have emerged
as useful experimental models to study various tumor-stromal
interactions, and, more specifically, the interactions between tumor
and endothelial cells. Engineered microfluidic systems have the
advantage of allowing spatiotemporal control of various biotran-
sport phenomena within microfabricated geometries, which
enables the precise modeling of dynamic cell behavior within con-
trolled microenvironments.17,18 In terms of tumor-endothelial
(TC-EC) interactions in particular, various microfluidic systems
have been designed to investigate specific aspects of their coordi-
nated behavior. Zheng et al. developed an automated valve-based
microfluidic device that initially kept human umbilical cord endo-
thelial cells (HUVECs) and HeLa cells (a cervical cancer cell line)
separated by pneumatically controlled valves, which were later
opened to allow tumor-endothelial crosstalk and concurrent migra-
tion of cellular fronts.19 Zervantonakis et al. developed a microflui-
dic system to examine tumor cell intravasation across an
endothelial barrier.20 Huang et al. developed a microfluidic device
to study tumor cell extravasation that combined shear flow effects
on the vascular endothelium and the presence of whole blood.21 In
terms of angiogenesis, numerous microfluidic systems have also
been developed to study different processes and conditions, from
shear flow effects on vessel sprouting dynamics and anastomo-
sis,22,23 to the complex interactions between endothelial cells, fibro-
blasts, and macrophages.24 These examples represent only a small
subset of the many microfluidic devices reported to date for study-
ing vascular biology, tumor-endothelial interactions, cell migration,
and angiogenesis, and many thorough reviews about these techno-
logical advancements are available for interested readers.18,25–28

Despite these advances, many aspects of the 3D microenviron-
ment of the mammary gland remain underdeveloped or unex-
plored. In the examples above, migrating cellular fronts were
examined on 2D flat surfaces of the floor of the microchannels,19

neglecting important aspects of 3D cell migration in surrounding
ECM.29 Tumor-endothelial models that study intravasation and
extravasation have focused on creating the luminal structure of the
endothelium, but were not intended to capture the luminal struc-
ture of the mammary ducts.20,21 Bischel and co-workers have previ-
ously demonstrated the use of 3D lumens to independently study
endothelial-stromal interactions in angiogenesis,30 as well as to
model epithelial-fibroblast interactions in a DCIS microenviron-
ment.31 Lee and co-workers used 3D bioprinting to achieve large
∼1-mm diameter lumens to create parallel vascular channels.32

However, to date, an in vitro model that incorporates both vascular
endothelial and mammary epithelial layers as 3D luminal structures

has not been demonstrated, and furthermore has yet to be applied
to study epithelial migration or premalignant angiogenesis.

Here, we present the development of an accessible 3D microfl-
uidic model that incorporates two parallel 3D luminal structures
for mimicking the vascular endothelial and mammary epithelial
layers, respectively. Device design, microfabrication, and matrix
and cell loading procedures are described, and imaging results and
analyses are discussed to offer insight into the concomitant migra-
tion of epithelial and endothelial cells in this coculture model.
Notably, three different breast cancer cell lines were chosen for the
model to represent noncancerous (MCF-10A), noninvasive
(MCF-7), and highly metastatic (MDA-MB-231) epithelial cell
types. Our method enables analysis at the single-cell level and
allows simultaneous monitoring of endothelial and epithelial cell
migration within a 3D ECM, revealing different trends in matrix-
dependent migratory behavior between cell phenotypes.

MATERIALS AND METHODS

Microfluidic device design and fabrication

Our device consisted of a 2 × 2 array of microfluidic culture
systems [Fig. 1(a)], with each culture system designed to include two
parallel long microchannels (500-μm wide × 350-μm tall × 7-mm
long from inlet to outlet port) connected by three interconnecting
conduits (i.e., migration ports, 320-μm wide × 100-μm tall × 720-μm
long) [Fig. 1(b)]. The two parallel long microchannels were designed
for the parallel lumens to mimic the 3D structure of an endothelial
lumen and epithelial lumen, respectively. The geometry allowed a
hydrogel mixture to be introduced through the open access ports, fill
the entire channel network, and then remain pinned within the
migration ports during lumen generation when most of the hydrogel
in the main microchannels was removed [Fig. 1(c)]. The migration
ports were sized to facilitate the formation of chemokine gradients
along the length of the migration port and to enable visualization of
cell migration from one microchannel to the other. Inlets and outlets
for these channels allowed separate access to the channels and were
sized to allow fluidic exchange via passive pumping.33 We fabricated
an additional media reservoir layer with a ∼40-μl volume capacity
per well above an inlet or outlet and bonded this layer to the channel
layer. The reservoirs reduced the frequency of medium exchanges
(once per 24-h) while improving cell viability and stability of the
culture in the microchannels for longer times. Our group recently
developed theoretical and computational models of angiogenesis
in microfluidic channels specifically for this microfluidic device
design.34 This modeling was useful for guiding the design of different
geometric features, such as the length and width of migration ports.

Devices were fabricated by conventional soft lithography.35

Briefly, a complete SU-8 master mold with microchannel and port
features was fabricated in a cleanroom facility using photolithogra-
phy techniques, as previously described.36 Poly(dimethylsiloxane)
(PDMS) with a 10:1 (w/w) ratio of elastomer base to a curing agent
was mixed, vacuum-desiccated to remove bubbles, and then poured
on the master mold. The PDMS and master mold were placed on a
hot plate to cure the PDMS at 80 °C for 4 h. PDMS layers with
ports and channels were then bonded to 100 × 300 glass slides using
oxygen plasma treatment. Glass was used as the underlying sub-
strate to facilitate standard phase contrast and fluorescence
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microscopy. Media reservoir PDMS layers were similarly bonded to
the surface of the main PDMS layer to create the final device.

Cell culture

HUVECs were sourced from Lonza (CC-2519, Lonza; pur-
chased from Cedarlane Labs, Burlington, ON, Canada). Cells were
routinely cultured in T-25 flasks at the recommended concentra-
tion of 2500 cells/cm2 at 37 °C and 5% CO2 in EGM BulletKit
medium (CC-3124, Lonza) for up to 7 passages. Note that EGM
BulletKit was chosen because it does not contain any exogenous
VEGF in its medium composition. The mammary epithelial cell
lines MCF-10A, MCF-7, and MDA-MB-231 were sourced from
ATCC (purchased from Cedarlane Labs). MCF-10A cells were cul-
tured in Dulbecco’s Modified Eagle Medium (DMEM)/F-12 media
(Thermo Scientific) containing 5% horse serum (Sigma-Aldrich),
20 ng/ml epidermal growth factor (EGF; Sigma), 10 μg/ml human
insulin (Sigma), and 500 ng/ml hydrocortisone (Sigma). MCF-7
and MDA-MB-231 cells were cultured in DMEM media containing
10% fetal bovine serum (FBS).

Lumen generation

Microfluidic systems were rinsed with 3 successive volume
replacements (VRs) of 70% ethanol followed by 3 successive VRs of

phosphate-buffered saline (PBS). Microfluidic systems were then incu-
bated with 100 μg/ml of fibronectin (F1141, Sigma-Aldrich) for
20min at room temperature. To generate cylindrical lumens in the
two main microchannels, we used a modified version of the viscous
finger patterning technique.30 A cold hydrogel mixture of 20%
growth-factor-reduced Matrigel (∼10mg/ml stock, #354230, Corning)
and ∼5.5mg/ml of rat-tail Type-I Collagen (#354249, Corning) was
introduced into precooled channels and migration ports and incu-
bated for 3min at 37 °C. The hydrogel mixture first filled one micro-
channel and then flowed into the three migration ports, pinning at the
edge of the second microchannel [Fig. 1(c)]. This hydrogel pinning
effect has also been demonstrated by others.37,38 Prepolymerized
hydrogel was then gently aspirated leaving behind a coating of partially
polymerized hydrogel on the channel walls in the shape of a cylindri-
cal lumen [Fig. 1(c)]. After further polymerization of at least 20min at
37 °C, lumens were ready to be seeded.

Cell loading and assay setup

Prior to loading cells into microchannels, cells were labeled
with CellTracker Green (#C2925, ThermoFisher) or CellTracker
Red (#C34552, ThermoFisher) to distinguish between migrating
cell types in coculture. All cell types were seeded into lumens at a
concentration of ∼24 × 103 cells per channel via passive pumping.

FIG. 1. Parallel 3D lumens. (a) Array
of parallel 3D lumen microfluidic culture
systems on a glass slide (scale bar = 5
mm). (b) Design of a parallel lumen
microfluidic system, showing left and
right microchannels, connected by
three parallel migration ports. (c)
Procedure for generating lumens
involves: (i) filling an empty system
with prepolymerized hydrogel solution
starting with the left microchannel and
allowing the gel to fill the migration
ports and pin at the openings to the
right microchannel; (ii) filling the right
microchannel to connect the gel; and
(iii) pipetting the gel out of the chan-
nels leaving a thin gel that coats the
inner wall of the microchannels. (d) 3D
model of parallel lumens. Cross sec-
tions show two experimental setups: (i)
chemotaxis of endothelial cells and (ii)
comigration of endothelial and epithelial
cells. (e) Fluorescent microbeads rep-
resenting the hydrogel (red beads) and
the lumens (green beads). Scale
bar = 500 μm. (f ) Normal mammary
gland microenvironment with various
cell types and neighboring blood
vessel and mammary duct luminal
structures.
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Devices were placed upside down and right side up for 15 min each
to ensure uniform seeding along lumen walls, ceiling, and floor.
Breast cancer migration assays were evaluated at 24 h postseeding
after fixation with 4% formaldehyde. For endothelial cell migration
assays, cells were serum-starved 24 h after seeding, in medium
without FBS. VEGF was added at this step and cells were incubated
for an additional 24 h before fixing and imaging. Images were
obtained by fluorescence microscopy (EVOS FL Auto, Thermo
Scientific) using a 10× objective at the site of each migration port.

Lumen microscopy and 3D reconstruction

Confocal images were obtained with a Plan Apo 10× objective
mounted on a Nikon A1R confocal microscope and set at a 5-μm
step size from the microchannel floor to the top of the lumen.
Images were then reconstructed into 3D volumes using NIS
Elements Software (Version 4.2).

Cell viability

Cell viability in lumens was assessed at 48 h postseeding using
the LIVE/DEAD Viability/Cytotoxicity Kit for mammalian
cells (L3224, ThermoFisher Scientific). After washing cells with
PBS, cells were incubated with calcein AM (2 μM) and ethidium
homodimer-1 (4 μM) in Opti-MEM reduced serum media
(ThermoFisher Scientific) for 30 min at room temperature before
washing with PBS. Devices were imaged using a fluorescence micro-
scope (EVOS FL Auto, ThermoFisher Scientific) at 10× where live
cells were stained green, dead cells were stained red, and nuclei were
stained with Hoechst 33342 (ThermoFisher Scientific). Cell viability
was expressed as the fraction of live cells in the population.

Cell migration metrics

Fluorescence images were analyzed using ImageJ, and three
metrics were obtained: (i) number of migrated cells in a migration
port, (ii) area covered by migrated cells in the migration port, and (iii)
distances traveled by individual migrating cells. Each migration port
region between the two lumen edges was considered a single indepen-
dent region of interest (ROI). For the number of migrated cells in an
ROI, cells were counted using the Find Maxima function with manual
thresholding. For the area covered by migrated cells, images were first
converted to 8-bit files, and then the area was determined using the
Analyze Particles function (with a specified minimum cell size of
30 pixels). For distance traveled by individual migrating cells, cells
identified by the Find Maxima function were located by listing their
x-y coordinates, and then the x-coordinate for each cell was used to
determine the (horizontal) distance traveled from the lumen edge. The
combination of these three metrics constituted the overall “migration
profile” of a particular cell type for a given experimental condition.

Statistical analysis

Each data point represented a single migration port in refer-
ence to cell counts and area metrics, while each data point repre-
sented a single cell for distance traveled. Red bars in each graph
represented averages with standard errors of the mean. Data sets
were statistically analyzed by analysis of variance (ANOVA)

followed by Tukey’s posthoc procedure to determine which condi-
tions were significantly different.

RESULTS

Parallel 3D lumens

Both blood vessels and mammary ducts have luminal struc-
tures by nature and recapitulating this 3D architecture in vitro is
important for establishing a representative tissue model that more
accurately mimics physiological behavior of the mammary gland.
Using our microfluidic culture system, and a lumen generation
technique modified from Bischel et al.,30 we created a mammary
gland coculture model consisting of parallel 3D lumens [Fig. 1(c)],
one lumen representing an endothelial-lined vessel, and the other
representing an epithelial-lined duct. Our hydrogel and cell loading
methods enabled confluent monolayers of endothelial and
epithelial cells to coat their respective lumens at 24 h after seeding
[Fig. 2(a)]. Luminal structures of the monolayers were verified by
confocal microscopy, revealing rounded corners in the cross-
sectional shapes, and clear images of the top and bottom cell layers
of the lumens. Luminal structures were verified for all cell types
used [MCF-10A, MCF-7, MDA-MB-231, HUVECs; Fig. 2(a) shows
MCF-10A and HUVECs as representative]. Furthermore, cell-cell
contacts within the HUVEC monolayers were confirmed by stain-
ing of CD-31 [Fig. 2(a)].

Cell viability in lumens

Cells in microfluidic channels consume nutrients and
accumulate waste products more rapidly than cells in traditional
macroscale platforms due to a much higher surface area-to-volume
ratio.17 In addition, because cells in a 3D cylindrical lumen have a
further 3- to 4-fold increase in cell density compared to cells cul-
tured in 2D, this issue of nutrient consumption and waste accumu-
lation is further exacerbated in our lumen model. To ensure the
viability of our model, we added a media reservoir of ∼40-μl
volume capacity above the outlet ports, and monitored cell viability
of all cell types after 48 h, which was the maximum duration of our
experiments. Cell viability for all cell types was found to be >85%
[Figs. 2(b) and 2(c)], indicating that the coculture model can be
successfully maintained for our experiments without the need for
more frequent medium exchanges.

Cell migration between parallel lumens

We created parallel lumens with different cell combinations,
using HUVECs containing CellTracker Red dye for the endothelial
lumen (Fig. 3, left lumen), and one of the mammary epithelial cell
lines containing CellTracker Green dye for the epithelial lumen
(Fig. 3, right lumen). MCF-10A was chosen to model a normal
mammary duct, while MCF-7 and MDA-MB-231 cell lines were
chosen to model noninvasive and metastatic tumor epithelial cells
of the breast, respectively. We anticipated differential migration
behaviors of these cell lines into the migration port due to their
inherent phenotypic differences. We also anticipated potential
differential migration behaviors of HUVECs in the presence of
these cell lines because each cell line represented distinct mammary
microenvironments producing unique secretion profiles that
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reached the HUVECs by diffusion. We qualitatively observed the
minimal migration of MCF-10A [Fig. 3(a)] and MCF-7 [Fig. 3(b)]
cells, and in contrast, observed significant migration of
MDA-MB-231 [Fig. 3(c)] cells, as expected based on their invasive
potential. To examine whether the MDA-MB-231 cells migrated
due to its inherent invasiveness or due to the presence of HUVECs,
we created parallel lumens consisting of MDA-MB-231s in both
lumens [Fig. 3(d)], with the left lumen containing CellTracker
Red MDA-MB-231s and the right lumen containing CellTracker
Green MDA-MB-231s. We observed the migration of both red
and green MDA-MB-231s into the migration port, but observed

qualitatively that MDA-MB-231s migrated farther toward HUVECs
than toward other MDA-MB-231 cells [Figs. 3(c) vs 3(d)].

To quantify these observations, we analyzed the fluorescence
images and calculated various cell migration metrics within the
migration ports, including the number of migrated cells into each
migration port (where a single migration port is considered one
ROI) [Fig. 4(a)], the area covered by migrated cells in each ROI
[Fig. 4(b)], and the horizontal distance traveled by individual
migrated cells into the ROI [Fig. 4(c)]. In the case of number of
migrated cells and area coverage, we considered each ROI as a
single independent measurement, whereas in the case of distance

FIG. 2. Epithelial and endothelial-lined lumens. (a) MCF-10A cells (top row) were stained with CellTracker Green, and HUVECs (bottom row) were stained for CD31 after
24 h. 3D reconstructed confocal z-stack of MCF-10A and HUVEC lumens are shown (left) beside the confocal images at 3 different focal planes (right). Dotted boxes rep-
resent the orientation of 3D images. (b) Calcein AM (green) and ethidium homodimer (red) were used to stain live and dead cells, respectively (HUVECs shown). Nuclei
stained with Hoechst. (c) Live fractions for the four different cell types indicating >85% viability at 48 h. All scale bars = 200 μm.
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traveled, we considered each cell as a single measurement. The data
showed that across all three metrics, MDA-MB-231 cells migrated
the most toward HUVECs, and above its intrinsic migratory behav-
ior in monoculture with MDA-MB-231 cells in both microchannels
[Figs. 4(d)–4(f)]. MDA-MB-231 cells intrinsically migrated in higher
numbers, covering larger areas, and over longer distances compared
to both MCF-7s and MCF-10As in coculture with HUVECs, while
MCF-10A cells tended to migrate over longer distances compared to
MCF-7 cells, even though the number of migrated cells and area
covered appeared to be similar [Figs. 4(d)–4(f)].

Migration of endothelial cells in chemotactic gradient

Our observations of epithelial cell migration between parallel
lumens—and lack of concurrent endothelial cell migration—led us
to investigate the potential reasons affecting the motility of endo-
thelial cells in our cocultures. Because we expected some endothe-
lial migration as a chemotactic response to the soluble factors
secreted by mammary epithelial cells in a luminal structure, we
were interested in demonstrating such chemotaxis of endothelial
cells in our device, both to establish the baseline gradient necessary
to induce chemotaxis and to establish the versatility of the platform
to be used for chemical gradients and an angiogenesis assay. Thus,
we created HUVEC lumens in the left microchannel as previously
described and added vascular endothelial growth factor (VEGF) in
the parallel right microchannel in varying concentrations to serve
as the chemotactic source. 24 h after VEGF addition, serum-starved
HUVEC cells migrated toward the VEGF source in a concentration-
dependent manner [Fig. 5(a)]. Note that serum starvation ensured
that the migration was due to the VEGF gradient and not due to
other serum-derived growth factors. Indeed, serum-starved HUVECs

responded to serum, as 2% FBS in the medium filling the right
channel (RC) was sufficient to induce endothelial cell migration. In
addition, we quantified HUVEC migration using the three migration
metrics described previously and found that HUVECs migrated in a
concentration-dependent manner toward the VEGF source or serum
within 24 h [Figs. 5(b)–5(d)].

Based on these results, we sought to understand in more detail
the biomolecular transport of VEGF over the entire 24-h time
period. We performed numerical simulations in our 3D model over
24-h using COMSOL and studied the VEGF diffusion over time for
a given starting VEGF concentration [e.g., 500 ng/ml starting
VEGF concentration in Fig. 5(e)], and studied VEGF concentration
profiles at 24 h for a range of different starting VEGF concentra-
tions [Fig. 5(f)]. A VEGF concentration of 500 ng/ml was chosen
to represent the experimental condition tested that led to the
highest motility observed.

DISCUSSION

The rationale for developing our microfluidic coculture system
with parallel lumens was to recapitulate the 3D luminal structures
of neighboring mammary ducts and blood vessels of the mammary
gland microenvironment [Fig. 1(f)] and to create an advanced
in vitro model for studying epithelial and endothelial crosstalk in a
breast cancer context. The lumens were created using a simple
method adapted from a previously described viscous finger pattern-
ing technique,30 enabling us to incorporate into our model both
dimensionality and cell-matrix interactions that are often not cap-
tured by other standard 2D models,39 and some microfluidic
models. Although the importance of employing 3D rather than 2D
culture models is generally well established,13,40,41 there is increasing
evidence that 3D lumens—particularly for endothelial and epithelial
cells—behave and respond differently than their 2D monolayer
counterparts. Bischel and co-workers reviewed and built on evi-
dence supporting the importance of a 3D lumen by performing
side-by-side 2D vs 3D cultures of various endothelial cells
(HUVECs, induced pluripotent stem cell-derived ECs), and discov-
ered that secretory profiles between 2D and 3D cultures of the same
cell type were completely distinct.42 More recently, patient-specific
tumor and normal ECs were cultured in 2D and 3D formats, and it
was also discovered that various proangiogenic secreted factors—
including vascular endothelial growth factor A (VEGFA)—were
differentially expressed and secreted by the 3D lumen cultures com-
pared to the other formats.43 For this reason, our group has contin-
ued to incorporate 3D luminal structures in our biomicrofluidic
devices for both vascular and cancer studies.44,45 We expect that our
3D lumens are also behaving distinctly from 2D HUVEC monolay-
ers, although a side-by-side comparison is needed to show that
these differences lead to distinct responses in cancer cell migration.

We showed here how both endothelial and epithelial confluent
monolayers can be formed and can remain viable, with prominent
cell-cell contacts in the case of the endothelial lining. Improvement
in cell viability was attributed to the addition of medium-filled res-
ervoirs at the outlet ports, which reduced the need for frequent
medium replenishments in our static setup. Future advances of this
system may involve adding perfusion and shear flow over the endo-
thelium to mimic mechanobiological cues46 as well as the addition

FIG. 3. Cell migration between parallel lumens. Images show representative
regions of interest (ROIs) for a single migration port (1 of 3 parallel migration
ports per system). CellTracker Red was used to stain cells loaded in the left
lumen, and CellTracker Green was used to stain cells loaded in the right lumen.
(a) HUVEC:MCF-10A coculture, (b) HUVEC:MCF-7 coculture, and (c) HUVEC:
MDA-MB-231 coculture. (d) MDA-MB-231 in both lumens. Scale bar = 200 μm.
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of an outer layer of myoepithelial cells surrounding the inner
luminal epithelial cells [Fig. 1(f )] to form a more accurate repre-
sentation of the mammary acinar architecture.15,47

One of the main reasons for developing our parallel lumen
model was to investigate the potential for concomitant migration of
epithelial cells (toward an endothelial lumen) and endothelial cells
(toward an epithelial lumen). Crosstalk between epithelial and
endothelial cells has been well characterized,9,48,49 and the onset of
angiogenesis under premalignant conditions has also been recog-
nized.6,50,51 We thus hypothesized that endothelial-epithelial cross-
talk in a 3D luminal context would generate soluble factor
gradients in both directions, potentially driving migration of both
cell types into the region between the parallel lumens. Interestingly,
for all three coculture setups (involving HUVECs cocultured with

one of the mammary epithelial cell lines), we observed only epithe-
lial cell migration—most prominently by the MDA-MB-231 cell
line—and no endothelial cell migration at all. In terms of the
MDA-MB-231 cell line, these cells are known to possess inherent
motility greater than that of MCF-7 and MCF-10A cells due to
their metastatic potential.52 Our results confirmed these differences
between cell lines. First, MDA-MB-231 cells in monoculture (in
both lumens) had higher migration profiles than both MCF-7 and
MCF-10A cells in coculture with HUVECs. Second, MDA-MB-231
cells in coculture with HUVECs showed an even higher migration
profile than MDA-MB-231 cells in monoculture [Figs. 4(d)–4(f )],
suggesting that HUVECs further enhanced MDA-MB-231 migra-
tion above their baseline levels, perhaps via secretory chemokines
such as CXCL12 and epidermal growth factor (EGF)53,54 that are

FIG. 4. Quantification of epithelial cell migration between parallel lumens. (a) Number of migrated cells (marked as white “+”) was determined in each migration port (or
ROI) using the ImageJ Find Maxima function. (b) Area covered by migrated cells in each ROI was determined in each migration port using the ImageJ Analyze Particles
function. (c) Distance traveled by individual migrated cells (cell marked as yellow “o” and distance marked as yellow line) was determined by extracting the x-value from
the list of x-y coordinates of all migrated cells in the ROI. The illustration shows xi values as straight yellow lines from the edge of the right lumen into the migration port.
(d) Graph of number of migrated cells within a single migration port vs culture type. (e) Graph of area coverage by migrated cells within a single migration port vs culture
type. (f ) Travel distances of individual migrated cells within a single migration port, compiled from all experiments (n = 6). ***p < 0.0001 and *p < 0.05.
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known to promote MDA-MB-231 invasion.55 Taken together,
MCF-7 and MCF-10A cell lines must, therefore, possess low base-
line migration profiles with minimal enhancement from HUVECs,
whereas the MDA-MB-231 cell line possesses a high baseline

migration profile that is further enhanced by endothelial crosstalk.
These results were enabled by our microfluidic parallel lumen
system and highlight the need and importance of coculturing mul-
tiple cell types to recapitulate the tissue microenvironment.56–59

FIG. 5. Endothelial cell migration induced by VEGF gradient. (a) HUVECs in the left lumen were prestained with CellTracker Green to track cell migration toward the right
lumen, which contained either a VEGF source or serum. Three representative images are shown, including serum-free media (VEGF 0), 500 ng/ml VEGF, and serum-
containing medium (serum). (b) Graph of number of migrated cells within a single migration port vs VEGF concentration. (c) Graph of area coverage by migrated cells
within a single migration port vs VEGF concentration. (d) Travel distances of individual migrated cells within a single migration port vs VEGF concentration, compiled from
all experiments (n = 8). (e)–( f ) COMSOL simulations of VEGF concentration profiles in the migration port showing (e) the case of 500 ng/ml starting VEGF concentration in
the right channel (RC) at different timepoints, and (f ) for t = 24 h for different starting VEGF concentrations in the RC. Note that the red curve in both graphs represents
the same case, i.e., 24-h at 500 ng/ml starting VEGF concentration. ***p < 0.0001, **p < 0.01, and *p < 0.05.
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Our findings that HUVECs did not migrate in any of the
coculture setups led us to investigate the potential reasons for this
lack of motility. We modified our parallel lumen system by replac-
ing the epithelial lumen with a cell-free lumen loaded with VEGF.
The presence of hydrogel in the migration ports allowed controlled
VEGF diffusion into the migration ports and permitted a sustained
gradient for 24 h. We observed a migratory response of HUVECs
to VEGF in a concentration-dependent manner, with a moderate
migration profile at a 100-ng/ml starting VEGF concentration, and
a higher migration profile at a 500-ng/ml starting VEGF concentra-
tion. In these experiments, serum starvation of HUVECs was
found to be critical for the migratory response. As can be seen
from the results, the presence of 2% FBS in the medium in the
right microchannel was sufficient to induce endothelial cell migra-
tion even without VEGF (Fig. 5).

Our observations showed that HUVECs migrated as expected
in our microfluidic system in the presence of a chemotactic VEGF
gradient, and that the lack of migration in coculture with epithelial
cells may be due to an insufficient VEGF concentration and VEGF
gradient to induce migration. Our numerical simulations predicted
that after 24 h, the edge of the left lumen (proximal to the migra-
tion port) was exposed to ∼200 ng/ml VEGF if the right lumen
started at 500 ng/ml VEGF, and that this location was exposed to
<50 ng/ml VEGF if the right lumen started at 100 ng/ml VEGF.
These values are consistent with previous reports regarding VEGF
concentrations needed to induce HUVEC migration.60,61 We note
that most of the migration was observed to occur after only 16 h
had elapsed, suggesting the left lumen was exposed to slightly lower
VEGF concentrations than those stated above, but we report these
values to represent those at our 24-h endpoints. Experiments could
be designed to further test VEGF-induced migration by shortening
the migration ports to create a steeper gradient while maintaining
the same starting VEGF concentration or by introducing perfusion
to maintain a constant VEGF source.

In terms of endothelial morphology, HUVECs that migrated
into the migration ports in the presence of a VEGF gradient
appeared to exhibit morphology similar to an angiogenic sprout
[Fig. 5(a), white arrows]. This was an interesting observation and
will require further examination. Nevertheless, our microfluidic
parallel lumen system showed the versatility to be potentially used
as an angiogenesis model comparable to other microfluidic angio-
genesis systems.23,24,30,62–66

Regarding data analyses, it was evident from our measure-
ments of the three migration metrics (i.e., number of migrated
cells, area coverage by migrated cells, and distance traveled by indi-
vidual migrating cells) that our experiments had significant vari-
ability. We conducted 6 independent experiments for each
coculture type and 8 independent experiments for the VEGF gradi-
ent experiments, and we noticed variability between experiments,
between systems within the same experiment, and even between
ROIs within the same system (i.e., sometimes cells migrated evenly
in all three migration ports, while other times the cells migrated in
only one of the three migration ports). Faced with such variability,
we decided that presenting all the data as individual measurements
(i.e., individual ROIs for total cell numbers and area coverage and
individual cells for travel distance) preserved data granularity, and
in this manner, trends in the data were captured. In some cases, a

data point within our dataset that is typically considered to be an
outlier (i.e., a significantly higher number of migrated cells in one
ROI) was found to be an example of a higher tendency to migrate,
given that an increase in frequency of such outliers was often
observed across the entire set of experiments. As a convenience to
readers, we reported conventional p-values where possible, recog-
nizing their limitations particularly for this dataset.67

We envision that this microfluidic parallel lumen system can
be applied to study outstanding questions in breast cancer tumor
development, specifically regarding aspects of endothelial-epithelial
crosstalk, cell migration, and angiogenesis. The system can be
further adapted to incorporate perfusion and shear flow on the
endothelium and can be extended toward longer-term studies to
examine angiogenic sprouting, vessel maturation, epithelial-
mesenchymal transition (EMT), and tumor cell intravasation, all in
a 3D luminal context that more closely resembles the architecture
in the human mammary gland. Furthermore, the platform may be
used to test drug candidates for inhibition of angiogenesis and
tumor cell invasion, especially given its arrayable and scalable
format, and its compatibility with automated liquid handling
strategies.

CONCLUSIONS

We have developed and applied a microfluidic coculture
system consisting of parallel lumens to model key elements of the
mammary gland microenvironment for the purpose of advancing
breast cancer research. The parallel lumen model allowed us to
establish 3D luminal structures for both endothelial and epithelial
cell layers, enabling the study of the concurrent migration of epi-
thelial and endothelial cells in a crosstalk environment. We created
lumens using several different epithelial cell lines and established
migration profiles for each cell line based on number of migrated
cells, area coverage by migrated cells, and distance traveled by indi-
vidual migrating cells. Our analyses at the single-cell level enabled
the observation of trends that revealed additional insights regarding
cell behavior, which was further corroborated by numerical model-
ing of VEGF gradients within our system. This microfluidic cocul-
ture system with parallel lumens has potential for future
applications in studying endothelial-epithelial crosstalk in the
context of breast cancer and may be used for functional screening
in the drug development process.
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